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I ABSTRACT

A stress-corrosion-cracking investigation was performed on one heat of 20%-
nickel maraging steel and five heats of 18%-nickel maraging steel. These alloys

were tested under three metallurgical conditions: (1) annealed and maraged, (2)

cold-reduced and maraged, and (3) welded and maraged. Test environments included

aerated distilled water, tap water, and 3% NaCI and 0.25% sodium dichromate

[solutions, as well as ambient air, 1400 F water-saturated air, seacoast atmospheric

exposure, hydrocarbon oil, soluble oil-water mixtures and trichoroethylene. Test

methods included both two-point loaded beams and tensile-loaded samples having

fatigue-crack stress-raisers.

Test results show that both the 20% and 18%-nickel grades of maraging

steel are susceptible to stress-corrosion cracking in specific environments.

With the 18%-nickel steel the susceptibility is found to increase with increasing

titanium content. With both alloys, prior cold-reduction is found to lessen

susceptibility.

Tests on 6A1-4V titanium show it to be immune to failure under these same

test conditions, while limited testing on a new vacuum melted steel having

9% N, and 4% Co shows marginal susceptibility.

Ip i

I Page vii



Report No. 2684

I

I. OBJECTIVES

The objectives of this program are:

i A. Investigation of the stress-corrosion-cracking characteristics of at

least three new high-strength alloys of~ interest for rocket-motor-case applica-

tions (6AI-4V titanium, 18%-nickel maraging steel, and 20%-nickel maraging steel),

in addition to limited testing of vacuum-melted 9Ni-4Co steel.

I B. Study of the environmental parameters that could affect the rate and

extent of strebs-corrosion cracking.

C. Determination of the effect of material parameters (composition,

strength level, welding, and microstructure) on stress-corrosion susceptibility.

D. Continuation of the evalitation of protective coatings and other techni-

ques for the prevention of stress-corrosion cracking.

II. DISCUSSION

A. IMPORTANCE OF STIESS-CORROSION TESTING

The nature of the premature failure of metals, when exposed to static

stresses in specific environments, has long been the subject of intensive study.

Such metal failure, generally referred to as stress-corrosion cracking, has received

increased attention in recent years, with the development of the rocket industry.

Here, the frequent use of high-strength steels, which are often highly susceptible

to stress-corrosion cracking, coupled with the critical need for reliability of

material performance, has underlined the importance of attaining a greater under-

standing of this mode of failure.

In the absence of a complete understanding of the mechanism involved,

however, it is necessary to perform extensive testing under many environmental

I Page 1



11 Discussion, A (cont.) Report go. 268i

conditions and conditions of loading to evaluate the stress-corrosion-cracking

I behavior of all materials considered for rocket applications.

[ B. 8TBSS-CORROSION THEORY

Although many theories of stress-corrosion cracking have been proposed

there are two principal mechanisms of interest. The continuous electrochemical

process, and the alternate electrochemical-mechanir-al process. In the purely

electrochemical process, crack propagation occurs by continuous anodic attack

of the metal at the crack front; the second process proposes that a period of

slow electrochemical attack alternates with fast mechanical fracture, leading to

[ ultimate failure.

1. Electrochemical Mechanism

The electrochemical theory of stress corrosion was first pro-

posed in 1940 by Dix(l)*. This theory states that the simultaneous action of

iithe following three conditions will cause a metal to fail by stress corrosion:

a. A susceptibility to corrosion along continuous paths

I through the internal structure of the metal

b. A corrosive environment making paths of susceptibility

anodic to the matrix of the metal

c. Applied or residual tensile stresses acting to pull the

metal apart along these paths.

Cracking occurs in this case by selective corrosion, with the

tensile stresses acting to open fresh anodic sites. The above theory is directly

applicable to intergranular cracking such as occurs in some aluminum alloys. The

- theory was subsequently extended to include tranegranular cracking(2). In the

case of transgranular cracking, the continuous paths are formed by slip planes and

[I planes of precipitated constituents. Justification for this hypothesized mechanism

is the measured increase in chemical ea-tivity along slip planes of plastically

deformed crystals

1. "See References at end of text.
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II Discussion, B (cont.) Report No. 2681i

In other proposed electrochemical mechanisms it is stated

that a prior existing path is not required. Uhlig (4) states that paths are

continuously being formed due to plastic deformation at the tip of the advancing

j crack. He states that dislocation loops form zone to which interstitial elements

such as nitrogen and carbon can differ forming cathodic sites. This mechaniam

may also account for the random branching paths observed in photomicrographs of

stress corrosion cracks.

A third electrical mechanism that is not as well accepted as

those cited above involves strain-induced transformation at the tip of the

advancing crack - the transformed structure being anodic to the remainder of the

metal. In mild steel, the transformed product is thought to be iron nitride(5);

in austenitic stainless steel, the transformed product is thought to be martensite.

(7)(8)A fourth electrochemical mechanism is based on film rupture

The suggested sequence of events is as follows:

a. Electrochemical corrosion first causes grooves or notches

to form on some portion of the stressed surface. I
b. After some initiation period, the stresses at the tip of

a notch become high enough to cause rupture of the naturally formed protective

film.

c. Cracking proceeds because stress-induced film rupture

causes anodic depolarization and dissolution of metal at the crack tip.

2. Mechanical Mechanisms

In each of the above mechanisms, the cracking proceeds by electro-

). chemical dissolution of material. There have been other investigations which

indicate that cracking was preceded, at least in part, by mechanical fracture.

1. Nielsen(9), in a study of oxides found in stress-corrosion

cracks in stainless steel, states that formation of these oxides exerts sufficient

L lateral force to cause mechanical fracture at the root of the crack.

Edeleanu(10) and Keating(I1) state that cracking proceeds by

mechanical action with corrosion acting only to initiate the fracture. Micro-
scopic studies by Edeleanu on migrating fractures indicate that crack propagation

progresses by intermittent brittle fractures.
Page 3



II Discussion, B (cont.) heport No. 2684

Although there is evidence both for and against the proposed

mechanical and electrochemical modes of failure, there are two features of stress-

corrosion cracks that are unique to any stress-corrosion process:

I a. Cracks are formed under the combined action of stress

and corrosion. They are not produced by the consecutive action of these agencies.

b. The corrosive media which cause stress-corrosion cracking

are very specific for a given alloy and are not necessarily related to purely

chemical corrosivity of the alloy in the particular medium. In these two respects,

stress corrosion differs from fracture due to hydrogen embrittlement.

l III. TEST METHODS

1 A. INTPODICTION

In the original 2-year investigation of the stress-corrosion-cracking

characteristics of high-strength alloys, a number of steels of then-currentIe (i)
interest for rocket-motor-case applications were evaluated. Since then the

need for alloys of still higher strength in the rocket industry has focused

attention on the maraging steels. The third-year program (see Table 1) was

therefore directect to the study of the stress-corrosion-cracking susceptibility

of a currently used titanium alloy (Table 2), two maraging steels (Table 3), and

a new 9Ni-4Co alloy (Table 4).

The test environments, substantially the same as those in the original

2-year investigation, are (1) distilled water, (2) tap water, (3) salt water,

(4) sodium-dichromate-inhibited water, (5) soluble-oil-inhibited water, (6) air,

(7) high-humidity atmosphere, (8) trichloroethylene, and (9) cosmoline. These

I environments are considered to be representative of those to which rocket-motor

cases would normally be exposed during fabrication, processing, or storage. One[ additional environment is included in the new program, that of seacoast exposure.

Both bent-beam and center-notch specimens were used in the investigation.

[ The evaluation of results included microstructural studies, using both standard

metallographic and electron-microscope techniques, in attempts to associate the[ failure mechanism with specific microstructural characteristics of the materials.

Page 4



III Test Methods, A (cont.) Report No. 2684

Protective coatings and surface treatments to prevent stress-corrosion

cracking were also evaluated.

¶B. TEST SPECIMENS

i. Bent-Beam Test

SThe bent-beam test is the primary method used in this program.

A total of 595 tests of this type have been conducted. Figure 1 shows an

insulated bent-beam fixture with test samples mounted. Polycarbonate blocks

7.000 +0.002 in. apart, attached to a stainless-steel holder, support the test

specimen and insulate it from the holder. Specimens are machined to exact

lengths to produce a maximum calculated outer-fiber stress that amounts to 75%
of the mean 0.2%-offset yield strength. These length calculations are based on

data supplied by the research and technology division of the United States Steel

Corporation. (2) Figure 2 shows a representative plot of the stress-length

relationship employed. These relationships were found by computer by U.S. Steel I
from formulas that resulted from a theoretically exact large-deflection analysis.

A four-point loading device is used to place the specimens into

the holders. The use of four-point loading in this pre-stressing device eliminates

possible local plastic deformation (which may have occurred during some earlier

tests using a three-point loading fixture). Samples that were loaded into fixtures

and then unloaded by means of the four-point device showed no measurable residual

distortion, which indicated that the yield strength of the material had not been

exceeded during stressing.

2. Center-Notch Test

The configuration used in the center-notch test is shown in

Figure 3. It consists of a 1-3/4 by 8-in. tensile specimen containing a central

notch, which is produced in a two-step process: first, a 0.06- by 0.57-in. slot

is Elox-machined and extended at each end by very-narrow, Elox-machined notches

o! 0.001-in. root radii; then these notches are extended by means of fatigue cycling

to obtain fatigue cracks of controlled dimensions.

Page 5



III Test Methods, B (cont.) Deport No. 2684

When a specimen of this type is stressed, the elastic field

parameter (K, in ksi - .) at the tip of the crack is represented by

I aw.1/2
K - C (W tan ,

where W is the specimen width (in.), a is one-half of the total crack length

(in.), and Tis the nominal stress (ksi). Simultaneously, the crack-extension

force (Gc, in in.-lb/in. 2 ) may be obtained from

K
2

G C
wc E

where E is the elastic modulus of the material, and K is the critical value of

K at which crack propagation occurs in rapid tensile testing.

These center-notch specimens are stress-corrosion tested in

Baldwin creep-test machines (Figure 4). Dead-weight loading is applied to a
20-to-l lever arm to give a K value at the crack tip amounting to 75% of the

Kc value. The test solution is applied in a polyethylene cup cemented to the

specimen in the notched area before loading. An automatic timing device is

used to record the time to failure.

C. TEST ENVIRONENTS

The environments described below were used to study stress-corrosion-

cracking susceptibility.

1. Laboratory Air

This environment was used as a standard for comparison with

other environments. The temperatures ranged from 70 to 78 0 F, and the relative

humidity ranged primarily from 35 to 50%. No stress corrosion failures have yet

[. occurred in this environment, even with the most susceptible alloys.

[2. Distilled Water

This environment was also used as a standard for comparison

with other environments. The pH of the distilled water was found to be 7.0.
Continuous aeration was maintained with filtered air during the test.

Page 6
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3. Aerated Tap Water

Tap water represents the medium frequently used to clttn solid-

propellant rocket-motor cases. It is also used in the hydrostatic testing of

pressure vessels, particularly chambers constructed of corrosion-resistant alloys.

Azusa well water with a pH of 7.6 was used in the Aerojet tests; the water analysis

is summarized in Table 5.

4. Aerated Salt Water

An aerated 3% solution of sodium chloride in distilled water
was used to simulate a severe marine environment. The pH of this solution was

7.0.

5. High Humidity

Samples are placed in water-saturated air at 130 to 140°F to

simulate a severe atmospheric condition.

6. Seacoast Exposure

j Samples were placed on an outdoor test rack (Figure 5) at the

Aerojet Newport Beach test facility for testing in a natural seacoast environ-

j ment. This rack, placed on a rooftop approximately 200 yards from the beach,

faced the beach without obstruction.

7. Aerated Chromate Solution

This environment, created by 0.25% by weight of sodium dichromate

dissolved in distilled water, represents the medium frequently used in flushing

solid-propellant rocket-motor cases and in the hydrostatic testing of pressure

j vessels, particularly those constructed of low-alloy steels. The pH of this

solution was between 4.5 and 5.0.

8. Soluble-Oil Solution

This environment, a distilled water solution of 4% by volume

of Chevron soluble oil, represents one of the fluids used in the hydrostatic

testing of pressure vessels. Aeration was discontinued in this test medium

because of foaming. The pH was between 9.5 and 10.0.

Page 7'
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9. Cosmoline

Fast-inhibiting oil conforming to MIL-C-l42OlA, Grade 2, was

used to represent the rust-inhibiting compound sometimes used on rocket-motor-

case material during manufacture, transit, and limited storage prior to propellant

installation.1l 10. Trichloroethylene

This is a chlorinated, degreasing solvent commonly used on

rocket-motor cases.

S11. Bayonne Atmosphere

Samples were exposed in a test rack maintained by the Inter-

I national Nickel Company in the heavy industrial atmosphere of Bayonne, New Jersey.

12. Kure Beach

I Samples were exposed at the 50-foot lot by the International

Nickel Company at Kure Beach, North Carolina. This is a much more severe

1location than the Newport Beach site.

13. Natural Seawater Immersion

Samples were immersed in natural flowing seawater by the Inter-

national Nickel Company at Harbor Island, North Carolina.

D. ALLOY PROPERTIES

1. 6Al- 4V Titanium

This high-strength titanium alloy is being widely used for

pressure vessels and rocket-motor cases. It has excellent fabricability and can

be heat-treated to high strength levels. The chemical and mechanical properties

of the heat of the alloy that was tested are shown in Table 2. The sample was

tested in three metallurgical conditions: annealed, quenched and aged, and as-
i welded.

The annealed condition employed in the testing was the condition

in which the alloy was received. No further thermal treatment was employed, but

0.010 in. was ground from each side of the samples.

Page 8
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The quenched-and-aeed condition was attained by meams of a

- 1675°1F solution-anneal followed by a water-quench and an 8-hour aging treatment

at 900 F. Some distortion of the samples was found to occur during quenching,

but this was largely overcome by aging while the specimens were clamped tightly

in a stainless-steel fixture. After aging, 0.010-in. was ground from each side

of the specimen.

Some of the annealed material was welded, using the tungsten-

iner-gas (TIG) process with commercially pure titanium filler wire. The samples

were exposed in the as-welded condition with a 30% weld reinforcement.

2. 20%-Nickel Maraging Steel

This is a high-strength steel that will attain desired strengths

in a single aging treatment. Low Gc values were obtained with this alloy, indicating
a high degree of notch sensitivity. Its chemical and mechanical properties are

shown in Table 3. The single heat of 20%-nickel maraging steel was tested in

four conditions: annealed and aged; 50% cold-worked and aged; 75% cold-worked

and aged; and welded and aged. Figure 6 shows the effect of prior cold-work
on the mechanical properties of the aged material. Welding was performed on the
20%-nickel steel with an automatic TIG welder without filler metal. Mechanical

tests indicated an 85% Joint efficiency. All aging was performed at 8500 for

4 hours. With the welded and the annealed samples, aging was preceded by a

1-hour stabilizing treatment at -l00°F.

3. 18%-Nickel Maraging Steel

This alloy has a nominal composition of 18% nickel, 9% cobalt,

and 5% molybdenum; it is receiving increased attention for application in the

aerospace industry. Because of the high interest in this alloy, five heats of

this material were tested. Two heats were purchased for this program, while the
other three were remnants from an earlier Aerojet program. The chemical and

mechanical properties are given in Table 3.

Figure 7 shows the effect of titanium content on the mechanical

properties of annealed material aged at 900 F for 3 hours. These data show that

increases in titanium content will increase the ultimate and yield strengths of

Page 9
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raraging steel vith only slight lowering of the reduction-of-area and notch-

- sensitivity values. Figure 8 shows how the yield and ultimate strengths my be

raised even more by cold reduction prior to aging, again at the expense of a

-i lover G. value; however, even the lowest G. value obtained with the 18%-nickel

steel (156 in.-lb/in. 2 at a yield strength of 354 ksi) is almost 3 times higher

than the highest obtained with the 20%-nickel alloy (58 in.-lb/in.2 at 291 kei).

The 18%-nickel steel was welded by means of the TIG process

without filler metal. Mechanical tests indicated a 94% Joint efficiency.

In addition to the 18%-nickel samples listed in Table 2, tests

were conducted on samples machined by the Research laboratory of International

Nickel Company. Properties of these samples are shown in Table 6.

1 4. 9-Nickel, 4-Cobalt Steel

This is a vacuum cast martensitic alloy presently in the

development stage. It is reported to have exceptional notch toughness along

with high yield and ultimate strengths. This alloy is reported to be available

at two strength levels - HP-9-4-25 containing 0.25% carbon and HP-9-4-45 con-

taining 0.45% carbon. Because of late delivery only limited testing of one

1 alloy - (HP-9-4-25) was possible.

The chemical analysis and mechanical properties of this alloy

are shown in Table 4. The ultimate and yield strengths were found to be less

than indicated by preliminary technical data furnished by Republic Steel Company.

This discrepancy my be attributed to 0.002- to 0.006 -in. of partial decarbori-

zation on the samples.

5. H-11 Steel

This alloy (Vascojet 1000) when tempered at 900-950°F was found

in the initial 2-year program to be highly susceptible to stress-corrosion-

cracking. Consequently, it was used as a basis for the evaluation of protective[coatings. The following heat treatment was employed: 1900 0 F for 40 min,

followed by an air quench, and then aging at 950 0 F for 3 hours.

IP
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S. SIBCDMN PREPARATION

1. Maraging Steel Specimens

The edges of the steel samples were milled to size before heat

treatment. Very slight scaling occurred during the 900 F heat treatment in air.

As shown in Table 7, the first groups of specimens tested were hand-cleaned; the

scale was removed by using 360-grit emery paper. later the procedure was changed

to vapor-blast cleaning with 400-mesh alumina powder. Chemical cleaning to

remove heat-treat scale was avoided to eliminate any possibility of chemical

embrittlement. The maraging steel samples prepared by the International Nickel

Company, and tested by Aerojet, were reported by INCO to have been ground after
maraging.I 

All test samples prepared at Aerojet were transverse to the major

rolling direction, while specimens supplied by the International Nickel Company

j were grain-oriented in the longitudinal direction.

2. Titanium 6AI-4V Specimens

These specimens were surface-ground 0.010 in. on a side to

remove a surface layer contamination which is known to occur with this alloy

I during heat treatment. Without the grinding operation the full mechanical

properties of this alloy cannot be attained.

P

L

I
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MV TMST RESUIV
A. BUT-BEAM TESTS

Dimensions and surface conditions of the bent-beam samples are shown

in Table 7. Samples were stressed to a calculated value representing 7T5 of the

0.2%-offset yield strength.

1. 6A1-4V Titanium

Bent-beam stress-corrosion test results are shown by environ-

ment in Tables 8 through 18. No failures have been observed with the 6A1-4V

Stitanium alloy in any of the three metallurgical conditions tested. Typical

microstructures of this alloy are shown in Figure 9.

j 2. 20%-Nickel Maraging Steel

In the annealed-and-aged condition the 20%-nickel maraging steel

was found to crack rapidly in distilled-water, salt-water, high-humidity, tri-

chloroethylene, and seacoast atmosphere. The stress-corrosion cracking process

I was found to follow a branching pattern, as shown in Figure 10. Photomicrographs

(Figure 11) indicate that the cracking is intergranular in nature.

When the alloy had been cold-worked prior to aging, a marked

increase was noted in the time-to-failure. Random failures occurred after long

exposure to distilled water, tap water, high-humidity, and seacoast atmosphere.

The salt water imnersion (Table 10), which caused the most rapid failures with

the annealed-and-aged material, caused no failures with the cold-worked-and-aged

material. However, the tap-water environment (Table 9), which caused no failures

with the annealed-and-aged material, caused some long-term failures in the cold-

Sworked-and-aged material.

The welded material was found to have an even shorter time-

I to-failure than the annealed-and-aged material of the same heat. All failures

were found to occur in the weld heat-affected-zone. Welded samples failed in

[ tap water, salt water, distilled water, trichloroethylene, and in high-humidity

environments.
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3. 18%-Nickel )araging Steel

In the annealed-and-aged condition, two or more heats of

18%-nickel meraging steel showed some failures in distilled water, tap water,

salt water, high-humidity, and soluble oil as well as in industrial and seacoast
atmospheres. In addition, one heat (Group I-1. Table 3) was found to fail in

[ the 0.250-sodium-dichromate, and trichloroethylene environments. In general, it

was found that the failure times were reduced as the titanium content of the alloy

was increased, although some exceptions were noted. Figures 12 and 13 present

photomicrographs of failures of annealed-and-aged, 18%-nickel maraging steel. As[ with the 20%-nickel steel, the cracking had a branching intergranular pattern.

The tests in the trichloroethylene environment were the[ exception to this mode of fracture as shown in Figure 14. These cracks are

straight, wide and rounded at the root. It appears that chemical dissolution

along the stress corrosion crack has occurred in the trichloroethylene environment.

When the 18%-nickel alloy was cold-reduced 50% before aging,

|- the time-to-failure was found to increase (decreasing susceptibility to failure).

The effect of the prior cold reduction on failure time, however, does not appear

to be as pronounced with the 18*-nickel grade material as with the 20%-nickel

grade. Along with the change in time-to-failure, a marked change in mode of failure

was noted. Figures 15 and 16 show ftilures of 50% cold worked and aged material

showing the cracks propagating at acute angles to the specimen surface, quite

unlike the cracking of annealed-and-aged samples.

Welded samples of heat 3960504 (Group I-W) was found to have

a shorter mean time-to-failure than the annealed and maraged material (Group 14)

in the tap water, salt water, soluble oil and high-humidity environments, but

a longer mean lifetime in the distilled water environment. Welded samples were

found to fail with cracks originating in the weld heat-affected-zone. Figure 17

shows views of a welded specimen which failed.

[ The specimens of the three heats of material prepared by the

International Nickel Company showed much greater resistance to streas-corrosion

cracking (although failures were experienced) than the material used by Aerojet

as shown by the results in Table 18. Some of the material parameters of the INCO-

"prepared specimens which differ from the Aerojet-prepared specimens and which

Page 13
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might affect the material's susceptibility to stress corrosion cracking are shown

below: The INCO material was surface ground after maraging (cold working of

surface), shoved a smaller grain size, shoved some compositional difference, and
was tested in the longitudinal grain direction (which is generally more resistant

to failure).

4I 1. •-•i4Co Alloy

Because of late delivery this alloy was tested in only four
environments: distilled water, tap water, salt water, and 140°F with high

humidity. The alloy was found to fail in stress corrosion after the 400OF and3 606°F aging treatments in the high humidity atmosphere and after the 400°F treat-

ment in the distilled water environment. No failures occurred in the other two
environments or, with material that had been tempered at 800°F in any of the

environments.

The cracks were found to be of the fine, non-branching, inter-

granular type noted in other martensitic steels.

3 B. CENTER-NOTCH TESTS

Roughly 100 center-notch specimen tests were conducted during this

program. The tests were confined to four environments: distilled water (results,
Table 19), salt water (Table 20), sodium dichromate solution, (Table 21) and

soluble oil solution (Table 22).

1. 6A1-4V Titanium
I No failures occurred in center-notch testing of this alloy in

any of the four environments.

2. 20%-Nickel Maraging Steel

Annealed-and-aged material (Group H-l) failed rapidly in the

j distilled water and in the salt water environments. Samples from this group did

not fail in the chromate or soluble oil solutions, thus supporting the results

j of the bent-beam tests.

The cold-worked and aged material (Group H-2 and H-3) was
found to have a much longer time-to-failure than the annealed-and-aged material

in the distilled water and salt water environments. This is again in agreement

with the results of the bent-beam tests. Page 14
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3. 18%-Nickel Nkrazing Steel

Both the annealed-and-aged and 50% cold-worked-and-ased mterials
were found to fail, in order of severity, in salt water, distilled water and
sodium dichromate solution. The time-to-failure in the salt water envirohment

(Table 20) as found to decrease with increasing Kc values for the test materials.

With material of a given titanium level, the time-to-failure I1

shorter for the cold-worked material than for the annealed material. However, in
the bent-beam testing, the material which had been cold-worked earlier, was found
to have a substantially longer lifetime then the annealed material. It appears

that, in the 18%-nickel-grade maraging steel, this longer lifetime is the result
of residual surface compressive stresses rather than a higher inherent resistance

to stress-corrosion fracture.

4. Effect of Varying Stress Level

j A series of stress corrosion tests were conducted with one heat

each of 20%- and 18%-nickel maraging steel at varying loads. The results are

shown graphically in Figure 18 with the applied loads shown as corresponding K

values, according to the formula. These data show that for both of the maraging
steel alloys tested, the time-to-failure is a linear function of the applied load

until a critical value is reached. Squaring this critical K value and dividing
by the elastic modulus of the material, a value of Gc is obtained that represents

the minimum energy for stress corrosion crack growth. These Gc values are roughly

equal to 200 in.-lb/in, for the 18%-nickel material and 20 in.-lb/ln. for the 20%-

j nickel material.

For comparison, similar tests were made on a heat of vacuum-

melted AMS 4335 material. The failure time was found to be independent of load

for this material.

C. COATINGS EVALUATION

Table 23 presents the final results of the coating e*.- o~tion program.

Fifteen coatings (based largely on vendor-developed technolo& re tested in

three environments. The coatings were applied to H-11 steel. No single coating

I ! ,age 15
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use found that would prevent stress corrosion cracking in all three media: salt

meter, high humidity and seacoast atmosphere. Results as reviewed below can

be compared with uncoated H-I1 steel base metal which showed average failure

times in these three environments of 16, 64, and 116 hours respectively.

1. Aerated Salt Water

The chromate-inhibited epoxy systems were by far the most

effective in preventing stress-corrosion cracking in this environment. Two of

these coatings, 454-1-1 and 463-1-5, either applied as successive coats or when

r applied separately showed no failures in these tests. in over 3000 hours of exposure.

L A similar coating, 463-4-8, protected the metal for roughly 500 hours, after
which adhesion loss caused rapid-stress corrosion failure.

[ A substantial increase in lifetime of base metal was also

obtained with a vinyl coating, AM-33, which failed after approximately 3000 hours.

[2. High Humidity Environment

Two coatings based on zinc, zinc silicate Type 4 and inorganic

zinc 11 with an epoxy top coat, were found to prevent cracking in this environ-

ment (for over 3000 hours), but both of these coatings showed very little pro-

tective ability in the salt water immersion tests. However, the inhibited epoxy

454-1-1, the polyurethane, X-500 and the vinyl coating, AM-33, all had relatively

long mean failure times in high humidity as well as in salt water.

3. Seacoast Exposure

Four coating systems were found to prevent stress-corrosion

cracking in this environment for the period of these tests (2900 hours). One of

these was the vinyl coating AM-33, the others were all of the zinc-based types

(see Table 23).

D. ELECTRON MICROSCOPE FRACTOGRAPHS

Four failed specimens were selected for study by the electron micro-

scope. Identification of the samples and approximate location of the areas for

fractographic study are shown in Figure 19. Parlodion replicas with chrome-

carbon shading were used in making the fracture replicas. Bccause of the roughness

Page 16
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of most of the surfaces, some difficulty was encountered in the stripping of

the replicas. These fractographs are briefly described below.

S1. H-i1 Steel

The H-11 steel sample, shown at the top of Figure 19, has a

single fracture at right angles to the surfaces of the specimen. This sample

failed after 2.5 hours of exposure to aerated salt water.

[ Figure 20 shows a typical brittle fracture in a view taken

from the center of the sample (view "A", Figure 19).

[ The view in Figure 21, taken from the corner of the sample

at which the stress-corrosion fracture originated, shows some micro-structure

I modeling that may have been caused by corrosion.

2. 20%-Nickel Maraging Steel

I The 20%-nickel maraging steel specimen shown in the center of

Figure 19 has a typical, branching, crack pattern. This sample is of the annealed-

I and-aged group (H-i) and failed after 1 hour in 0.25%-sodium-dichromate solution.

It was selected for examination because of its complete freedom from rust.

Figure 22, a view taken from the area of final separation of

sections of the sample, shows a definite ductile fracture.

Figure 23, a view taken from the center portion of the sample

in the branching-pattern area, shows a brittle type of failure occurring in

I step-wise fashion.

Figure 24 presents a view taken from the area of fractureL initiation, where the fracture is intergranular, with inclusions in the fracture

domains.

E. 18%-NICKEL MARAGING STEEL

The two 18%-nickel maraging steel samples studied are shown sketched

[ in Figure 19. One was in the cold-worked and aged condition (Group I-3), and

the other in the annealed and aged condition (I-1). The cold worked material

[ failed in 626 hours in distilled water, the annealed and aged in 100 hours in

0.25% sodium dichromate.

Page 17
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Figure 25 shows a typical view of a fracture on the cold worked
material. This fractograph seems to illustrate a brittle stepwise fracture along

vaguely outlined domains.

Figure 26 shows a typical view of a fracture in the annealed and

raged material. This view shows an excellent example of pure brittle fracture.

The modeling effect shown in the upper right hand portion of the fractograph is

probably due to body-centered-cubic precipitates in the grain structure.

[1Figure 27 shows another view of the fracture surface of the annealed

and maraged material. The dimpled effect is caused by glide decohesion striations[ in an essentially brittle fracture. In this area of the fracture the mode is

beginning to change from purely the brittle to the ductile.

[ V. SUMAARY AND CONCLUSIONS

Based on the results of the tests during the one year contract, the following

IIconclusions are drawn.

A. The 6A1-4V Titanium alloy shows complete immunity to stress corrosion

failure under the conditions of the test program.

B. Both the 18% and 20% grades of maraging steel show significant suscepti-

bility to stress corrosion failure.

C. The maraging steels tested show the following approximate order of

(decreasing) susceptibility to stress corrosion failure. (Remnant material given

limited testing is omitted).

1. Welded 20% nickel

2. Annealed 20% nickel

3. Annealed 18% nickel (0.62% Ti)

4. Welded 18% nickel (0.50% Ti)

5. Annealed 18% nickel (0.50% Ti)

6. Cold reduced 18% nickel (0.62% Ti)

[7. Cold reduced 18% nickel (0.50% Ti)

8. Cold reduced 20% nickel

[D. The environments employed in this program indicate the following

approximate (decreasing) order of aggressiveness in causing stress corrosion

[failure of maraging steels.
Page 18
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1. Natural seawater inersion

2. 140°F water-saturated air

3. Aerated 3% NaC1 solution

4. Aerated distilled water

5. Kure Beach 50-ft lot atmosphere[ 6. Bayonne, N.J., industrial atmosphere

7. Newport Beach atmosphere1 8. Aerated tap water

9. 0.25% sodium dichromate solution

10. 4% soluble oil (18%-nickel-grade only)

11. Trichloroethylene

12. Cosmoline (no failures)

13. Laboratory air (no failures)

E. The cracking of the annealed and maraged material is found to be

intergranular. Cracking in material that has undergone cold deformation prior

to maraging is found to be transgranular with cracks at acute angles to the

I specimen surface.

F. Welded samples show a tendency to preferential failure in the heat-

[1 affected zone.

G. Limited testing of vacuum melted 9Ni-4Co steel shows that it also

is susceptible to stress corrosion failure.

H. No single coating was found that will prevent stress corrosion cracking

of H-11 steel when tempered in the susceptible region. Zinc-based coatings pre-

vented failure in atmospheric environments but failed rap.Ldly in salt water
immersion. Conversely, chromate bearing coatings prevented stress-corrosion

cracking in the salt water immersion but failed in long term atmospheric exposure,

I. However, based upon overall performance, the following order is established.

1. Inhibited epoxy 454-1-1

[2. Inhibited epoxy 463-1-5

3. Vinyl, AM-33

4. Polyurethane, X-500

5. Inorganic zinc, Type 11

Page 19
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[ TABLE 2

CHEMICAL ANALYSIS AND MECHANICAL PROPERTIES
rOF 6-Ai-4v TITANim

Chemical Analysis,
C Al V 02 N2  H2  Ti Fe Other

[ Aerojet analysis 0.3 6.1I 4.1 0.083 0.014 80 ppm Bal 0.16 0.18

[ Mechanical Properties (Transverse)

R Crack
Yield Strength Ultimate Elon- c Growth __

(0.2% Offset) Strength gation Hard- Energy, Gc2Treatment and Testing psi psi % ness in.-lb/in.

[ Annealed

Mill report 311,900 141,400 12 33.5 440

f Aerojet test 138,000 143,800 14 34

1675 0F for 1 hour, W.Q.
aged 900°F for 8 hour,
then Aerojet test 162,700 176,800 7 38.5 450

Welded, then Aerojet
test 131,500 135,200 9.5 33.0

Titanium Metals Corporation HT 4141.

Tensile failures in parent metal.

[
I
I
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I TAB 4.

I PROPERTIES OF VACUUM-CAST 9Ni-4Co STEEL

[*
Mill Certified Chemical Analysis

SC Ma _ P 8 Si Co Ni Cr No v

0.30 0.23 0.006 0.007 0.02 4.1o 8.65 o.43 0.35 0.10

[ Mechanical Properties (Transverse) Aerojet Teste

Ultimate
Yield. Strengtb Tensile

(0.2% Offset) Strength Elongation R Reduction Rc[ Condition ksi ksi L of Area Hardness

(Austenitized 1550°F
f in argon - oil
L. quenched 2 hours

double temper at
temperatures shown)

400F 190.3 230.3 8 52 48

600OF 184.6 203.0 7 54 43

800OF 172.4 186.7 9 59 41

l000F 176.7 187.1 11 60 40.5

Republic Heat 3950924

I

¶ ~Table 14
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DIMENSIONS AND SURFACE CONDITION
OF BENT-BEAM SPECIMENS

Code Dimensions, in. Final
No. Thickness Width Length Surface Preparation

G-1 0.059 15/16 7.470 Surface ground

G-2 0.059 7.692 Surface ground

G-W 0.085 7.400 Vapor blasted

H-I 0.082 7.322 Hand sanded

H-2 0.078 7.458 Vapor blasted

H-3 0.082 7.349 Hand sanded

H-W 0.082 7.221 Vapor blasted

I-i 0.078 7.348 Hand sanded

1-2 0.081 7.403 Vapor blasted

1-3 0.078 7.484 Hand sanded

1-4 0.076 15/16 7.304 Vapor blasted

1-5 0.064 3/8 7.653 Hand sanded

1-6 o.o64 7.419I

1-7 o.o64 7.804

i-8 o.o64 7.753

1-9 0.064 3 7.983 Hand sanded

I-W 0.076 15 16 7.242 Vapor blasted

J-1 0.078 7.121

J-2 0.078 7.137
.J-3 O. 078 15/16 7.147 Vapor blasted

INCO-2 0.050 1.0 7.900 Surface ground

INCO-3 0.050 1.0 7.58, 8.28 Surface ground

INCO-4 0.050 1.0 Y5.5, 8.26 Surface ground

INCO-4 0.075 1.0 7.73 Surface ground

T
Table 7
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AERATED-DISTLLED-WATER, BENT-BEAM, STRESS-CORROSIONI.
TEST RESULTS

I Fail-
Code Yield ure

No. Strength Ratio Failure Timet hr
Material Variable ** ksi ** Mean Range

6Al-4V titanium Annealed G-1 138.0 0/3 - NF1700

6Al-4V titanium Quenched & aged G-2 163.0 0/3 - NF1700

6Al-4V titanium As welded G-W 135.0 0/2 - NF750

20%-Ni maraging steel Annealed & aged H-1 291.3 3/3 11 10.2-18

50% CW & aged H-2 321.0 1/3 330 330-NF2900

75% CW & aged H-3 293.3 3/3 2918 1284-3450
I 20%-Ni maraging steel Welded & aged H-W 245.0 3/3 83 23-200

18%-Ni maraging steel Annealed & aged 1-4 249.9 3/3 68 50-85

I I-6 255.4 0/3 - NF3600

-I- 283.0 3/3 34.5 20.5-46.5

Annealed & aged 1-8 323.2 3/3 24 20-27.5

50% CW & aged 1-5 278.0 0/3 - NF3600

1-2 302.5 3/3 1420 1130-1900

1-7 331.0 0/3 - NF3600

1-3 323.0 4/4 625 440-988

50% CW & aged 1-9 354.4 1/3 668 668-NF3600

18%-Ni maraging steel Welded & aged I-W 236.6 3/3 343 310-360

. 9%-Ni-4% Co steel 800°F temper J-1 172.4 0/3 - NF1400

600°F temper J-2 184.6 0/3 - NF1400

9%-Ni-4% Co steel 400°F temper J-3 190.3 2/3 1280 1150-NF1400

* All samples were stressed to give a maximum outer-fiber stress of 75% of the
0.2%-offset yield strength.

Code defined in Table 1.

1 ***Ratio of number failed to number tested.

Table 8
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AERkTED-TAP-WATER, BENT-BEUM, STRESS-CORROSION

I ~TEST REXJLTS
Fail-

Code Yield ure
No. Strength Ratio Failure Times hr

Material Variable ** ksi *** Mean Range

6AI-4V titanium Annealed G-1 138.0 0/3 - NF7TO0

6A1-4V titanium Quenched & aged G-2 163.0 0/3 - NF1700
6Al-4V titanium As welded G-W 135.0 0/2 - NF750

[ 20%-Ni raging steel Annealed & aged H-I 291.3 0/3 - NF3100T 50% CW & aged H-2 321.0 1/3 2610 2610-NF2900
I 75% W & aged H-3 298.3 2/3 1955 1510-NF3100

20%-Ni maraging steel Welded & aged H-W 245.0 3/3 5.2 3.3-6.5

18%-Ni maraging steel Annealed & aged 1-4 249.9 1/3 1920 1920-NF2450I Annealed & aged 1-1 283.0 3/3 1830 325-4800

50% (W & aged 1-2 302.5 0/3 - NF2200

50% CW & aged 1-3 323.0 0/3 - NF2000
18%-Ni maraging steel Welded & aged I-W 236.6 3/3 1270 623-1895

9%-Ni-4% Co steel 800°F temper J-1 172.4 0/3 - NF1400

9%-Ni-4% Co steel 600°F temper J-2 184.6 0/3 - NF1400

9%-Ni-4% Co steel 400°F temper J-3 190.3 0/3 - NF1400

All samples were stressed to give a maximum outer-fiber stress of 75% of the
0.2%-offset yield strength.

I Code defined in Table 1.

Ratio of number failed to number tested.

9
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TABLE 10

AERATED-SALT-WATER, BENT-BEAM, STRESS CORROSIONI..
TEST RESULTS

Fail-
Code Yield ure

No. Strength Ratio Failure Time hr
Material Variable ksi *** Mean Range

[ 6AI-4V titanium Annealed G-1 138.0 0/3 - NP1700

6A1-4V titanium Quenched & aged G-2 163.0 0/3 - NF1700[ 6AI-4V titanium As welded G-W 135.0 0/2 - NF750

20%-Ni maraging steel Annealed & aged H-1 291.3 3/3 7.3 6-8.5
50% oW & aged H-2 321.0 0/3 - NF29001 75% CW & aged H-3 298.3 0/5 - NF31OO

20%-Ni maraging steel Welded & aged H-W 245.0 3/3 0.8 0.75-0.85

18%-Ni naraging steel Annealed & aged 1-4 249.9 3/3 430 140-700

1-6 255.4 0/2 - NF3600

1 I-1 283.0 3/3 51.5 19-100
Annealed & aged 1-8 323.2 2/2 6.5 6-7

50% CW & aged 1-5 278.0 0/2 - NF3600

I-2 302.5 0/3 - NF2300

1-7 331-0 0/2 - NF36OO

1-3 323.0 3/3 1930 1000-3200
50% CW & aged 1-9 254.4 2/2 20 20-20

Welded & aged I-W 236.6 4/4 121 115-139

INCO-2 262.8 0/2 - NF1400
INCO-3 279.9 0/2 - NF1400

18%-Ni maraging steel INCO-4 303.1 0/3 - NF14oo

9%-Ni 4% Co 3teel 800°F temper J-1 172.4 0/3 - NF14OC

600°F temper J-2 184.6 0/3 - NF1400

9%-Ni 4% Co steel 400°F temper J-3 190.3 0/3 - NF1400

* All samples were stressed to give a maximum outer-fiber stress of 750 for
the 0.2%-offset yield strength.

Code defined in Table 1.

Ratio of number failed to number tested.

Table 10
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[ TABLE 11

AERATED 0.25% SODIUM DICHRCHATE, .i BENT BEAM, STRESS-CORROSION TEST I•SULTS

Fail-
Yield ure

Code Strength Ratio Failure Time, hours
Material Variable No. ksi *** Mean Range

6Al-4V titanium Annealed G-1 138.0 0/3 - NF1700
6A1-4V titanium Quenched & aged G-2 163.o 0/3 - NF1700

j 6AI-4V titanium As welded G-W 135.0 0/2 - NF750

20%,-Ni maraging steel Annealed & aged H-1 291.0 1/3 1.0 1-NF3100
0 CW & aged H-2 321.0 0/3 - NF2900

75% CW & aged H-3 298.3 0/3 - NF3100
20%-Ni maraging steel Welded & aged H-W 245.0 0/3 - NF1950

18%-Ni maraging steel Annealed & aetd I-4 249.9 0/3 - NF2450

S Annealed & aged 1-1 283.0 3/3 117 100-150
I 50% CW & aged 1-2 320.5 0/3 - NF2200

50% CW & aged 1-3 323.0 0/3 - NF2000

f18%-Ni maraging steel Welded & aged I-W 236.6 O/3 - NEI750

All samples were stressed to give a maximum outer-fiber stress of 75% of theI. 0.2%-offset yield strength.

Code defined in Table 1.

Ratio of number failed to number tested.

T
I
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TABLE 12

4%-SOLUBLE-OIL SOLUTION
BENT-BEAM, STRESS-CORROSION TEST RESULTS

Fail-
Yield ure

Code Strength Ratio Failure Time, hr
Material Variable No. ** ks i *** Mean Range

6Ai-4V titanium Annealed G-1 1;8.0 0/3 - NFIT00

6A1-4V titanium Quenched & aged G-2 163.0 0/3 - NF1700

6Ai-4V titanium As welded G-W 135.0 0/2 - NF750

20%-Ni maraging steel Annealed & aged H-i 291.3 0/2 - NF2000

I 5% CW & aged H-2 321.0 0/3 - NF2900

75% CW & aged H-3 298.8 0/3 - NF2000

20%-Ni maraging steel Welded & aged H-W 245.0 0/3 - NF1950

18%-Ni maraging steel Annealed & aged I1-4 249.9 3/3 2400***

Annealed & aged 1-1 283.0 3/3 417. 400-450

I 50% CW & aged 1-2 302.5 0/3 - NF2200

50% CW & aged 1-3 323.0 0/3 - NF2000

18%-Ni maraging steel Welded & aged I-W 236.6 3/3 1300 1130-1560

All samples were stressed to give a maximum outer-fiber stress of 75% of the
0.2%-offset yield strength.

Code defined in Table 1.

Ratio of number failed to number tested.

Microcracks noted after 2400 hours exposure; time of initial cracking unknown
but cracks undoubtedly developed earlier.

I

I.
I
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I. TABUE 13

140°F WATER-SATURATED AIR,) BENT-BEAM STESS CORRO6ION TEST RESULTS*

Fail-
Yield ureCode Strength Ratio Failure Time, hr

Material Variable No. ** ksi X** Mean Range

[6Al-4V titanium Annealed G-1 138.0 0/3 - NF1700

6A1-4V titanium Quenched & aged G-2 163.0 0/3 - NF1700

6A1-lV titanium As welded G-W 135.0 0/2 - NF75O

20%-Ni maraging steel Annealed & aged H-1 291.3 3/3 100 22-174

50% CW & aged H-2 321.0 1/3 l41 l410-NF2900

75% CW & aged H-3 298.3 3/3 1200 1080-1860

20%-Ni maraging steel Welded & aged H-W 245.0 3/3 10 1-14

18%-Ni maraging steel Annealed & aged I-4 249.9 3/3 370 l.h-475
I-6 255.4 3/3 280 212-362

1-1 283.0 3/3 21 20.5-21.5

Annealed & aged 1-8 323.2 3/3 56.6 25.5-72

50% CW & aged 1-5 278.0 0/3 - NF3600

I1-2 302.5 3/3 380 380-NF400

I-7 331.0 3/3 - NF3600
1-3 232.0 3/3 260 245-290

50% CW & aged 1-9 354.4 3/3 833 560-1010
18%-Ni maraging steel Welded & aged I-W 236.6 3/3 131 115-139

18%-Ni maraging steel Inco-2 262.8 2/2 1400 1400-1400S 9%-Ni-4% Co Steel 8OOF Temper J-1 172.4 0/3 - NF1400

9%-Ni-4% Co Steel 600°F Temper J-2 184.6 3/3 725 430-1440

S9%-Ni-4% Co Steel 4wo°F Temper J-3 190.3 3/3 184 115-260

jA.1 samples were stressed to give a maximum outer-fiber stress of 75% of the

0.2%-offset yield strength.

Code defined in Table 1.

Ratio of number failed to number tested.

I. Table 13
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TABLE 14

TRICHLOROETHYLENE IOMRSION,
BENT-BEAM STFESS CORROSION TEST RESULTS*

Fail-
Yield ure

Code Strength Ratio Failure Time, hr
Material Variable No. ** ksi *** Mean Range

I 6AI-4V titanium Annealed G-1 138.0 0/3 - mF26OO
6Al-4V titanium Quenched & aged G-2 163.0 0/3 - NF26oo

I 6A1-4V titanium As welded G-W 135.0 0/2 - NF260O

20%-Ni maraging steel Annealed & aged H-i 291.3 3/3 742 500-2200
W5% CW & aged H-2 321.0 1/3 2350 2350-NF2600

75% CW & aged H-3 293.3 0/3 - NF26oo

20%-Ni maraging steel Welded & aged H-W 245.0 3/3 48 40-68

18%-Ni maraging steel Annealed & aged 1-1 283.0 3/3 1140 550-2200

50%CW & aged 1-2 302.5 0/3 - NF1950

50% cw & aged 1-3 323.0 0/3 - NF26o0

18%-Ni maraging steel Welded & aged I-W 236.6 0/3 - NF1750

cffset yield strength.

Code defined in Table 1.

Ratio of number failed to number tested.

T e

I ~Table 14
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CO•OLINE IMMERSION,IBENT-BEAN STRESS CORROSION TST RESULTS*

Fail-

Coe Yield uwe
Coe Strength Ratio Failure Time, hr

Material Variable No.ae ks Yld * Mean Range

6A1-4V titanium Annealed G-1 138.0 0/3 - NFITO0

6AI-4V titanium Quenched G-2 163.0 0/3 - NFITO0

6A1-4V titanium As welded G-W 135.0 0/2 - NF750
20%-Ni maraging steel Paiuealed & aged H-i 291.3 0/3 - NF2000

I 20%-Ni maraging steel 50% CW & aged H-2 321.0 0/3 - NF1000

20%-Ni maraging steel 75% CW & aged H-3 293.3 0/3 - NF2000

18%-Ni maraging steel Annealed & aged 1-4 249.9 0/3 - NF500

18%-Ni maraging steel Annealed & aged 1-1 283.0 0/3 - NF2000
18%-Ni maraging steel 50% CW & aged 1-3 323.0 0/3 - NF2000

All samples were stressed to give maximum outer-fiber stress of 75% of the
0.2%-offset yield strength.

Code defined in Table 1.
Ratio of number failed to number tested.

b I
II

I.

I

I
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Ii TABLE 16
LABORATORY AIR,

BENT-BEAM STRESS CORROSION TEST RESULTS

Fail-
Code Yield ure

** Strength Ratio Failure Time, hr
Material Variable No. ksi ** Mean Range

W6A-4V titanium Annealed G-1 138.0 0/0 -

6Al-4V titanium Quenched & aged G-2 163.0 0/0 -

6Al-4V titanium As welded G-W 135.0 0/2 - NFT50

20%-Ni maraging steel Annealed & aged H-I 291.3 0/3 - NF3100

50% CW & aged H-2 321.0 0/2 - NF2000

7, 5% CW & aged H-3 293.3 0/3 - NF3100
20%-NI -araging steel Welded & aged H-W 245.0 0/3 - NF1700

18%-Ni maraging steel Annealed & aged 1-6 255.4 0/2 - NF1200

Annealed & aged 1-1 283.0 0/3 - NF2000

Annealed & aged 1-8 323.2 0/1 - NF1200
50% CW & aged 1-5 278.0 0/1 - NF1200

1-7 331.0 0/2 - NF1200

1-3 323.0 0/3 - NF2000

50% CW & aged 1-9 354.4 0/2 - NF1200
18%-Ni maraging steel Welded & aged I-W 336.6 0/3 - NF1500

All samples were stressed to give a maximum outer-fiber stress of 75% of the
0.2%-offset yield strength.

**Code defined in Table 1.

Ratio of number failed to number tested.

I.
I.

I Table 16
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STABLE 17

SEACOAST EXPOSURE,
BENT-BEAM STRSS CORROSION TEST RESULTS*

Fail-
Yield ure

Code Strength Ratio Failure Time, hr
Material Variable No.** ksi *** Mean Range

j 6A1-4V titanium Annealed G-1 138.0 0/3 - NF980

6A1-4V titanium Quenched & aged G-2 163.0 0/3 - NF980

I 6A1-4V titanium As welded G-W 135.0 0/2 - NF980
20%-Ni maraging steel Annealed & aged H-1 291.3 3/3 140 115-188I 50% CW & aged H-2 321.0 3/3 1034 . 00-1150

75% CW & aged H-3 293.3 3/3 1000 86o-1150

20%-Ni maraging steel Welded & aged H-W 245.0 3/3 173 100-320

18%-Ni maraging steel Annealed & aged 1-4 249.9 0/3 - NF1250

I 1-6 255.4 0/2 - NF2900
1-1 283.0 6/6 380 312-450

Annealed & aged 1-8 323.2 2/2 700 350-1050

50% CW & aged 1-5 278.0 0/2 - NF2900

1-2 302.5 0/3 - NE1250

I1-7 331.0 0/2 - NF2900
1-3 323.0 0/3 - NF2900

50% cW & aged 1-9 354.4 0/2 - NF2900

18%-Ni maraging steel Welded & aged I-W 236.6 0/3 - NF1250

All samples were stressed to give a maximum outer-fiber stress of 75% of the
0.2%-offset yield strength.

I ~ Code defined in Table 1.
Ratio of number failed to number tested.

I

" ~Table 17
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TABLE 19

DISTILLED-WATER, CENTER-NOTCH,

STRESS-CORROSION TESTS*

Failure Time

Code Ke Failure Hour

Material Variable No." ks i. Rato*** Mean Range

j 6AI-4V titanium Annealed G-1 85.0 0/3 - NF100

6AI-4V titanium Quenched & aged G-2 86.2 0/3 - NF100

201%-Ni maraging steel Annealed & aged H-i 39.3 3/3 5.1 4.6-6.6 1
20`ý-Ni maraging steel 75% CW & aged H-3 20.5 1/3 121 121-NF300

13'-Ni maraging steel Annealed & aged 1-4 133.0 2/2 62.4 51.4-73.3

Annealed & aged 1-6 129.5 0/1 - NF200

Annealed & aged 1-1 121.0 3/3 85.3 83-87

50% CW & aged 1-5 107.2 0/1 - NF200

1 1-2 92.2 2/2 17.1 16.6-17.6

18t-Ni maraging steel 50% CW & aged 1-3 76.4 2/2 13.2 12.6-13.8

All samples were given a direct load of 75% of Kc.

Code defined in Table 1.
Ratio of number failed to number tested.

Table 19
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TABLE 20

3%-SODIUM-CHWRIDE SOLUTION,
CENTER-NOTCH, STRESS-CORROSION TESTS*

Failure Time
Kc Failure hours

Material Variable Co.d* ksi L Ratio' Mean Range

[ 6A1-4V titanium Annealed G-1 85.0 0/2 - NFlOO

6AI-4V titanium Quenched & aged G-2 86.2 0/2 - NF1OO

20o-Ni maraging steel Annealed & aged H-1 39.3 2/2 7.2 6.6-7.8

204o-Ni maraging steel 50% CW & aged H-2 24.5 2/2 14.0 8-20

20#-Ni maraging steel 750' CW & aged H-3 20.5 2/2 40.2 34.4-46

184-Ni maraging steel Annealed & aged 1-4 133.0 2/2 12.5 9.5-15.6

1-6 129.5 3/3 22 10-35

[-1 121.0 2/2 20.6 18-23
Annealed & aged 1-8 103.2 2/2 8.8 8.3-9.3

50% CW & aged 1-5 107.2 2/2 13.4 12.5-14.2

I-2 92.2 2/2 7.2 7.2-7.2

1-7 119.0 3/3 9.9 4.4h-12.9I-3 76.4 2/2 5.9 5.0-6.9

18L.ý-Ni maraging steel 50% CW & aged 1-9 64.4 2/2 4.5 4.0-5.0

i*
All samples were subjected to a direct load of 75% of K

** cCode defined in Table 1.

Ratio of number failed to number tested.

Table 20
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11 TABLE 21

0. 25%-SODIUM-DICHROMATE,
CENTER-NOTCH, STRESS-CORROSION TESTS*

Failure TimeI Code c Failure hours

Material Variable No. ksi 'un. Ratio' Mean Range

S6AI-4V titanium Annealed G-i 85.0 0/2 - NF100
6Al-4V titanium Quenched & aged G-2 86.2 0/2 - NFO00

20p-Ni maraging steel Annealed & aged H-I 39.3 0/2 - NF200

20%-Ni maraging steel 75% CW & aged H-3 20.5 0/2 - NF100
18e&S-Ni maraging steel Annealed & aged 1-4 133.0 0/1 - NF1O0

Annealed & aged I-I 121.0 1/1 67.9 -
Annealed & aged 1-8 103.8 1/1 37.7 -

S50'o CW & aged 1-5 107.2 0/1 - NF200
50% CW & aged 1-7 119.0 0/2 - NF1O0

I 18%-Ni maraging steel 501o CW & aged 1-3 76.4 1/1 33.2

.All samples were given a direct load of 75% of K•.• c
Code defined in Table 1.

Ratio of number failed to number tested.

Table 21
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1. TABLE 22

V-So0BLE-OIL SOLUTION,1' CENTER-NOTCH, STRESS-CORROSION TESTS"

Code K Failure Failure Time
Material Variable No. ksi ____ Ratio*** hours

6AI-4V titanium Annealed G-1 85.0 0/1 NFlO0

L6AI-4V titanium Quenched & aged G-2 86.2 0/1 NF1O0

20'1-Ni maraging steel Annealed & aged H-i 39.3 0/2 NF200

S20%-Ni maraging steel 75% CW & aged H-3 20.5 0/1 NF100

18&-Ni maraging steel Annealed & aged 1-4 133.0 0/1 NF100

All samples were given a direct load of 75% of K[ °C
Code defined in Table 1.

Ratio of number failed to number tested.

i

I

Table 22
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Stress-Corrosion Test Setup for Center-Notched Specimens
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Microstructure of Anneled and Aged 6A1-1&V Titanium Alloy
(Group G-1). Left portion was taken with bright field,[ right with polarized light to show alpha-beta structure.
Etchant Kronle, (5001)

, j:

Microstructure of Weld Zone on Above Alloy. Left area isr weld metal. Right is weld beat-affected-sons.
Stchant Krone 101

Ii General lMicrostructure of 6A1-JMJ Ti.tanium Alloy

Figure 9
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Crack Propagation Study on 20%-Nickel Maraging Steel in Salt Water FI A
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I

Crack Pattern on Surface of Beam Sample after 10 hours in
Aerated Distilled Water. (OX)r

I

I

Ii

IIVertical View of Cracking in Above Sample Showing Intergranular
Cracks. Etchant is Diluted Marbles Reagent (1000x)

Stress-Corrosion Crack Pattern on 204-Nickel 1a1ging Steel

[ figure .11
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Surface of Annealed-and-Aged 18%-NickelI ~Maraging Steel Cracked in Chromtate
Solution (Approx. 11)
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IJ

IVertical Section of Failed Armealed-and-Aged 18%-
I Nickel Maraging Steel Specimen Showing Inter-

granular Cracks. Marbles Etch (250X)

'It

Same Sample as Above (?OOOX)

I Rnotomicrographe of Stress-Corrosion Cracks in 3.8%-Nickel W'raging Steel (1-1)

3 Figure 13
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Cross-ection of Annealed and Aged 18%-Nickel
)laraging Steel After 90 Days Immersion in
Trichiorethylene (10x)
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Sufc fCIdWre-m-gd1~ce aaigSelAtr1-asa 4O

I Surfare of Cooion-Wrak Pter-nd- Ine 18%-Nickel 3bragiig Steel Aftrou 10-3) * 14

j Figure 15
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[I

View of Surface In ULbtl Cracked Area Showing Pitting Attack (lOOX)

L

General Structure in Interior of Highly Cracked Area.
Etohant - 10% Amonium Persulphate-electrolytic. (500x)

paotomiorogmpbs of Stress-Corrosion Cracking in 18%-Nickel, NL&ging Stool (OGoup J.3)

Figure 16
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Cross-Section of Welded and Aged 18%-Nickel MaragingII Steel After 55 Days Immersion in 4i% Soluble Oil Solution.

(lox)

I1.

Enlarged View of Fracture Origin in 'Weld Heat-Affected[ Zone. Etchant is Diluted K~azbles Reagent. (BOX)

L Failures in Welded Samples

[ Figure 1T
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......e. .....

Uncoated H-11 Steel, Failed in 20%-Nickel Maraging Steel (Group H-1),I2.5 Hours in Aerated 3% Salt Water Failed in 1 Hour in 0.25%-Sodium-
Dichromate Solution

I~~IIii ifi~i ............... :. . . . . .

18%-Nickel ?.araging Steel (Group 1-3.), 18%-Nickel r.araging Steel (Group I-1),

Failed in 626 Hours ini Aerated Failed in 100 Hours in 0.25%

Diatilled Water Sodium Dichromate Solution

3 Location of Electron-Microscope Fractographs

I Figure 19
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